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The inﬂuence of the microstructure on mechanical properties and corrosion behavior of the Mg–1.21Li–1.12Ca–1Y alloy was investigated using
OM, SEM, XRD, EPMA, EDS, tensile tests and corrosion measurements. The results demonstrated that the microstructure of the Mg–1.21Li–
1.12Ca–1Y alloy was characterized by α-Mg substrate and intermetallic compounds Mg2Ca and Mg24Y5. Most of the ﬁne Mg2Ca particles for the
as-cast alloy were distributed along the grain boundaries, while for the as-extruded along the extrusion direction. The Mg24Y5 particles with a larger
size than the Mg2Ca particles were positioned inside the grains. The mechanical properties of Mg–1.21Li–1.12Ca–1Y alloy were improved by the
grain reﬁnement and dispersion strengthening. Corrosion pits initiated at the α-Mg matrix neighboring the Mg2Ca particles and subsequently the
alloy exhibited general corrosion and ﬁliform corrosion as the corrosion product layer of Mg(OH)2 and MgCO3 became compact and thick.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Magnesium alloys can degrade naturally in vivo and their
unique mechanical properties also render them desirable biode-
gradable implants [1,2]. However, based on the prior clinical
studies [3], the major shortcoming is that the magnesium alloys
degrade too rapid to be the biodegradable implants. Thus, it is of
importance to tailor the corrosion rate of magnesium alloys to
ensure the request of the clinic implantation.
Generally, surface modiﬁcation and element alloying are the
two approaches to improvement in the corrosion resistance of
magnesium alloys. Surface modiﬁcations [4,5] such as Ca–P or
HA coating [6–8], chemical conversion coating [8–10] and
polymeric coating [11–13] and micro-arc oxidation [14,15]
have been developed. Nevertheless, there are numerous issues/10.1016/j.pnsc.2014.08.005
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nder responsibility of Chinese Materials Research Society.involving the adhesion bonding between the Ca–P coatings
and their substrates, biocompatibility of the chemical conver-
sion coatings, swelling for the polymeric coating. Therefore,
surface modiﬁcation cannot completely face the challenge for
the reduction in corrosion rate [8,9,11,12].
Element alloying, however, still plays the most important role
on the manipulation of the corrosion resistance of biomedical
magnesium alloys [1,16]. Taking mechanical compatibility and
biocompatibility into consideration the commercial magnesium
alloys do not satisfy the requirements for mechanical properties
and corrosion resistance of the degradable implants as well as
biocompatibility. For example, cardiovascular stents necessitate
enhanced ductility and corrosion resistance. Thus, a consider-
able kind of novel magnesium alloys such as Mg–Ca [17,18],
Mg–Zn–Ca [19,20], Mg–Mn–Zn [21], Mg–Nd–Zn–Zr [22,23]
and Mg–Zn–Mn–Ca [24] have been investigated for the purpose
of biomedical applications.
Interestingly, Mg–Li alloy (i.e., LAE442) possesses a superior
in vivo corrosion resistance in comparison to AZ31, AZ91D andElsevier B.V. All rights reserved.
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and in vivo corrosion and corrosion protection, biocompatibility
of Mg–Li–(Al)–(RE) alloys including LAE442 alloy [26–29].
The results demonstrate that these Mg–Li based alloys were
promising potential biodegradable biomaterials. However, these
alloys contain a higher content of Al, which is toxic to body
tissue [4]. Thus, aluminum-free magnesium–lithium based
alloys are screened as potential implantation materials. Our
previous studies indicate that Mg–Li–Ca alloys maybe one of
the candidate materials [30,31].
It is well-known that the introduction of elemental Li can
change the structure of magnesium [32]. The unique property
is attributed to a decrease in the lattice constant ratio (c/a) with
an increasing Li content, which activates non-basal slip planes
and results in a signiﬁcant increase in the volume fraction of
the body-centered cubic (bcc) structure [31,33].
Moreover, Ca is one of the major component element in human
body, it can reﬁne the microstructure and improve the strength by
forming the intermetallic compound Mg2Ca [30]. Unfortunately,
issues on the role of Ca played in magnesium corrosion are still
highly controversial. Song [34] suggested that Ca has no signiﬁcant
inﬂuence on the corrosion of magnesium. While, Kim [35]
reported that Ca accelerates the corrosion of magnesium due to
the presence of micro-galvanic corrosion between the Mg2Ca
phase and the α-Mg phase. Li [36] claimed that an increasing Ca
content improves the compressive strength, elastic modulus and
hardness of the Mg–Ca alloys, but deteriorates the ductility,
corrosion resistance and biocompatibility of the Mg–Ca alloys.
It is generally recognized that Mg–Ca alloys with Ca additions less
than 1.0 wt% exhibit a good biocompatibility, low corrosion rate as
well as appropriate elastic modulus and strength [37].
Furthermore, RE-containing magnesium alloys such as
WE43 [38,39], Mg–Y [40,41], Mg–14Li–1Al–0.3Y [27],
Mg–14Li–xSr [42] and LAE442 [25] have been investigated.
RE elements tend to form a variety of intermetallic com-
pounds. For instance, Al11RE3 is the main precipitated phase
in the LAE442 alloy [38], while Mg24Y5 and Mg2Y are
formed in the Mg–Y alloys [43,44]. The Mg24Y5 phase has a
precipitation hardening effect in the Mg–Y alloy [44]. Y can
improve the mechanical properties and retard the biodegrada-
tion of Mg alloys [45,46]. However, it also found that the Y
addition leads to an increase in the ductility, but a decrease in
the compressive strength, hardness, corrosion resistance and
biocompatibility of the Mg–1Ca–1Y alloy when compared to
the Mg–1Ca alloy [36]. These results disclose the issues of the
roles of the oxide ﬁlm and the intermetallic compounds on the
inﬂuence of Y on corrosion behavior of the alloys.
On one hand, Y-containing surface oxide layer improves the
corrosion resistance due to the fact that Y is prone to segregate
in the outer surface of Mg alloys [31,47,48], and form a
compact oxide ﬁlm with a spinel structure of Y2O3  MgO.
On the other hand, the Y-containing secondary phase, i.e.,
Mg24Y5, accelerates the micro-galvanic corrosion simulta-
neously. The corrosion resistance of binary Mg–Y alloys is
reduced with the increment of precipitate phase Mg24Y5
[40,41]. Thus, the inﬂuence of the Y concentration on
corrosion resistance is paradoxical [49,50], depending on thecompositions of Mg alloys and the concentration of Y together
with the species of the solution. In 0.1 M NaCl, the corrosion
rate increases with increasing Y content due to an increase in
the amount of the Y-containing intermetallic compounds.
In 0.1 M Na2SO4, the corrosion rate decreases with increasing
Y content over 3 wt%, attributed to a more protective surface
ﬁlm, despite the intermetallic compounds [47].
It should be noted that a very small amount of low toxicity
rare earth can be tolerated in the human body [14]. For
instance, HA doped with a concentration of 2.5 mol% Y3þ
shows an excellent biocompatibility [49]. Mg–0.5Ca, Mg–1Ca
and Mg–1Ca–1Y alloys are bio-compatible alloys. The Mg–
1Ca–1Y alloy shows the same level of cell viability and
proliferation, compared to the Mg–1Ca alloy [36].
So far, the research on ternary Mg–Li–Ca alloy has been
concentrated. Our previous study [30] indicates that Mg–Li–Ca
alloys have lower pH values and better corrosion resistance in
Hank's solutions compared with Mg–Ca alloys and our subsequent
study [31] also demonstrates that both α-Mg and β-Li phases of the
Mg–Li–Ca alloys are simultaneously subjected to corrosion,
whereas for the other alloys such as Mg–Al alloys, only the α-
Mg matrix is attacked. Ardelean [39] suggested that the elements,
including Nd, Zr and Y, play a positive role on improving
corrosion resistance of the WE 43 alloy compared with pure Mg.
Therefore, it is postulated that the addition of Y into the Mg–
Li–Ca alloy could improve the mechanical properties and
corrosion properties of magnesium alloy in comparison to
Mg–Li–Ca alloy for biomedical purpose on the basis of the
unique characteristics of Y element. Unfortunately, no literatures
regarding the corrosion of the Mg–Li–Ca–Y alloy is available
[3,14]. The purpose of the paper is to compare the inﬂuence of
processing on the microstructure and mechanical property of the
as-extruded Mg–Li–Ca–Y alloy and the as-cast alloy, and to
gain further insight into the corrosion mechanism of the alloy.
2. Experimental
2.1. Materials
The cast Mg–1.21wt%Li–1.12wt%Ca–Y ingots were fabri-
cated in the Institute of Metals Research, Chinese Academy of
Sciences. The ingots were extruded into the sheets on an
extrusion machine (Yuanhang, 800 t) at the Magnesium
Industry in Chongqing Science and Technology Company,
Ltd., with an extrusion ratio of 20.4:1 and an extrusion rate of
1 m/min. The mold and the ingots were heated up to the
temperature of 350 1C and 300 1C, respectively.
2.2. Corrosion characterization
The dimension of the corrosion test samples was 45 mm
26 mm 4 mm. Before the immersion test, the samples were
ground to 1200 grit, degreased in acetone, and dried in warm
air. All immersion tests were repeated three times to obtain
reproducible results in 37 1C and the medium-to-sample-area
ratio is 20 ml/cm2. At the end of the experiment, ﬁnal cleaning
of the sample was carried out by dipping it into the solution
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distilled water) for 5 min followed by washing with water.
Then corrosion rate was calculated according to the weight
loss. The hydrogen evolution rate (HER) was evaluated by the
gas collection, which detailed information was reported in the
literature [31]. The pH values of the solutions were recorded at
an interval of 10 min in the ﬁrst 4 h, and at an interval of
20 min thereafter by a pH meter (PHS-25 type).
The electrochemical corrosion behavior of the samples was
studied using a electrochemical workstation (EG&G model
273). Prior to the experiment, the samples were ground up to
1200 grit, and then washed with distilled water and acetone.
Polarization measurements were carried out in a corrosion
cell containing 400 ml of Hank's solution (Table 1) using
a standard three-electrode system. A saturated calomel elec-
trode (SCE) was used as a reference with a platinum counter
electrode. The exposed area of working electrode was
2.84 cm2. Potentiodynamic polarization curves were measured
after an immersion of 5 min. The scanning potentials ranged
between 7300 mV at a scan rate of 1 mV/s. The triplicated
tests were conducted for each alloy.
2.3. Tensile test
The tensile tests were performed on a CMT5105 type tensile
machine at a strain rate of 3 mm/min at room temperature
according to the standard GB/T228-2002. The gauge length
and width were 25 mm and 6 mm, respectively.
2.4. Surface analysis
Scanning electron microscopy (SEM, KYKY-2800B) was
employed to discern the surface morphology of the Mg–
1.21Li–1.12Ca–1Y alloy. The elemental distribution of the
alloy was probed using electron microprobe analysis (EMPA,
JXA-8230). The phase composition was examined by means
of X-ray diffraction (XRD, D/Max2500PC).
3. Results
3.1. Change in microstructure
The microstructure (Fig. 1a) of the as-cast Mg–1.21Li–
1.12Ca–1Y alloy is characterized by the coarse grained α-Mg
with intermetallic compounds Mg2Ca and Mg24Y5, distributed
along the grain boundaries (GBs) and within the grains (Fig. 1a
and b). While the reﬁned and elongated grains are developed in
the extruded Mg–1.21Li–1.12Ca–1Y alloy (Fig. 1c and d).
Particularly, the Mg2Ca particles distribute along the extrusion
direction (Fig. 1d).Table 1
Composition of Hank's solution, g/L.
NaCl KCl CaCl2 NaHCO3 Glucose Mg
8.0 0.4 0.14 0.35 1.0 0.1In addition, the intermetallic compounds Mg24Y5 (Fig. 2a)
and Mg2Ca (Fig. 2b) are identiﬁed by EDS. Obviously, the
amount of the Mg2Ca particles is higher than that of the
Mg24Y5 particles. The size of the Mg2Ca particles is relatively
smaller than that of the Mg24Y5 particles.
The insets in Fig. 2 designate the EDS results of the
intermetallic compounds in the as-cast alloy. The EDS results
indicate that white particles in the grain interior are the
Mg24Y5 phase (Fig. 2a). The size of Mg2Ca particle in the
as-cast alloy is larger than as-extruded one, which has been
showed in Fig. 2b. It is found that there is also a trace of Y
element that exists in the Mg2Ca particles.
Similarly, the intermetallic compounds in the as-extruded
alloy were identiﬁed by EPMA and EDS (Fig. 3) and the EDS
results are listed in Table 2. The EDS results show grain
interior and the grain boundaries (GBs) (Spectra 1 and 2) with
a pretty low level of Ca and without Ca, respectively. The
compound Mg2Ca is mainly distributed at GBs, which fell off
and left a series of scattered pits. The white granular and
reticular particles (Spectrum 3) on the image may be the
Mg24Y5 phase or MgO or Y2O3 oxides or their mixture [44]
based on the element ratio of Mg, Y and O. The low electrical
conductivity of intermetallic compounds appears in white color
in the SEM image. The pearl-chain-like scattered Mg2Ca
particles (Spectrum 4) are generally observed in the extruded
Mg alloys (Fig. 3a and b).
3.2. Changes in mechanical properties
Due to greater total GB areas, the reﬁned microstructure
enhances the mechanical property and corrosion resistance of
magnesium alloys [31], by impeding the slip of dislocations
and delay of the initiation of corrosion pits. The stress–strain
curves of the cast and extruded alloys were shown in Fig. 4.
In comparison with cast alloys, the average ultimate tensile
strength (UTS) of the extruded Mg–1.21Li–1.12Ca–1Y alloy
increases from 51.71 MPa to 183.72 MPa, and yielding
strength (YS) from 44.00 MPa to 115.02 MPa and the elonga-
tion to failure (EL) of the cast alloy and the extruded alloy is
1.47% and 14.45%, respectively. The signiﬁcant improvement
in the strength and ductility after the extrusion is ascribed to a
decrease in grain size and the more dispersive intermetallic
compounds, particularly the Mg2Ca phase.
3.3. Change in corrosion rate
The immersion test shows that the average rates of weight
loss of the cast and extruded alloys are 0.24 mg/cm2/h and
0.18 mg/cm2/h after an immersion in Hank's solution for
480 min. The corrosion resistance of the extruded alloy wasCl2∙6H2O MgSO4∙7H2O KH2PO4 Na2HPO4∙12H2O
0.1 0.06 0.126
Fig. 1. Optical micrographs: (a) the low and (b) high magnitude of the as-cast Mg–1.21Li–1.12Ca–1Y alloy; (c) the longitudinal view and (d) cross-sectional view
of the as-extruded alloys.
Fig. 2. SEM images and EDS spectrum of the intermetallic compounds of the as-cast alloy: (a), Mg24Y5 particle in the grain interior, and (b) Mg2Ca particles
at GBs.
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Fig. 3. EPMA images and EDS spectrum of the intermetallic compounds of the as-extruded alloy (a): (1) the grain, (2) the grain boundary, (3) the white granular
and (4) the pear-chain-like structure, and (b) area mapping of Ca element.
Table 2
EDS results of the extruded Mg–1.21Li–1.12Ca–1Y alloy in Fig. 3, at%.
Elements Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4
O 2.51 2.54 16.96 4.18
Mg 97.40 97.46 73.81 91.69
Ca 0.09 – – 3.64
Y – – 9.23 0.49
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Fig. 4. Tensile stress vs. strain curves of the cast and extruded Mg–1.21Li–
1.12Ca–1Y alloys.
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Fig. 5. Polarization curves of the extruded and cast Mg–1.21Li–1.12Ca–1Y
alloys.
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grained microstructure.
Electrochemical measurement results (Fig. 5) also support
this result. The free corrosion potentials of the extruded Mg–
1.21Li–1.12Ca–1Y alloy and the cast one are 1.67 V vs.SCE and 1.69 V vs. SCE, respectively. The corrosion
current densities (6.67 105 A/cm2) of the extruded alloy
are slightly smaller than that (8.44 105 A/cm2) of the
cast alloy.
The HERs and pH values of the cast and extruded Mg–
1.21Li–1.12Ca–1Y alloys in Hank's solution have been shown
in Fig. 6. Obviously, the change in HER over time in Hank's
solution exhibits three stages. In the initial stage of immersion,
the HERs of both alloys enhanced rapidly, and then reached up
to a ﬂuctuating level. However, the pH values of the solution
increase steadily. In the ﬁnal stage of immersion, the HERs
have a tendency to decline continuously.
The immersion tests (Fig. 6) demonstrate that the corrosion
product ﬁlm has a signiﬁcant inﬂuence on the corrosion rate of
Mg–1.21Li–1.12Ca–1Y alloy directly. The scenario is analogous
R. Zeng et al. / Progress in Natural Science: Materials International 24 (2014) 492–499 497to our previous investigation on Mg–Li–Ca alloys [30,31]. When
the bare substrate metal was subject to the attack in Hank's
solution at initial stage, HER was promoted to a high level. The
corrosion product ﬁlm, covered the whole surface of bare metal,
retarded the HER, and makes the HER remain stable. The HER
declined at the subsequent immersion due to an improvement in
pH value of the solution and the thickening of the corrosion
product layer. Fig. 7 shows the corrosion morphologies of the
samples after the immersion in Hank's solution for 8 h, it is clear
that the general corrosion occurred.4. Discussion
It is known that the corrosion resistance of Mg alloys
depends on their compositions, microstructure, oxide ﬁlm0 60 120 180 240 300 360 420 480
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Fig. 6. HERs and pH values of the cast and extruded Mg–1.21Li–1.12Ca–1Y
alloys in Hank's solution.
Fig. 7. Corrosion morphologies; (a) and (b) a
Fig. 8. SEM images of the as-extruded Mg–1.21Li–1.12Ca–1Y alloy aftand corrosion product ﬁlm together with composition of the
medium [51]. Our previous investigation has demonstrated that
the corrosion product ﬁlm has a critical inﬂuence on the
corrosion rate of Mg–Li–Ca alloy [31]. The EPMA images and
the EDS results reveal that corrosion pit appeared at α-Mg
matrix adjacent to the intermetallic compounds Mg2Ca
(Fig. 8a). The result is conﬁrmed by the inset of the EDS
spectrum in Fig. 8a due to the possible presence of the
compounds of MgO, Mg(OH)2 and Mg2Ca.
Upon an initial immersion of 15 min, corrosion pits initiated
on the substrate, and the HER of Mg–1.21Li–1.12Ca–1Y
alloy accelerated (Fig. 6). In subsequent stage of 1 h, corrosion
products formed and covered on the corrosion pits and thus
prevented the hydrogen release. It is noted that ﬁliform
corrosion occurred due to the formation of corrosion product
ﬁlm. Herein the HER of alloy stabilized in a stable level
(Fig. 6). In the ﬁnal immersion stage of 8 h, the HER decreased
because of the continuous alkalinization of the solution and the
coverage and thickening of the corrosion product layer.
The corrosion product ﬁlm can be examined on the surfaces
of the immersed samples using XRD. The XRD pattern of the
Mg–1.21Li–1.12Ca–1Y alloy and the corrosion products
formed in Hank's solution for 72 h is shown in Fig. 9. It is
clear that the predominant corrosion product is Mg(OH)2 and a
little bit of MgCO3∙3H2O existed. Interestingly, the peaks of
the corrosion product scale exhibit the formation of noncrystal-
line or amorphous corrosion products.
Corrosion reactions occur as follows [51]:
Anodic reaction:
Mg-Mg2þþ2e (1)fter immersion in Hank's solution for 8 h.
er immersion in Hank's solutions for (a) 15 min, (b) 1 h and (c) 8 h.
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H2Oþ2e-2OHþH2↑ (2)
Total reaction:
Mgþ2H2O-Mg(OH)2þH2↑ (3)
Hydrolysis reaction of hydrogen carbonates [51]:
HCO23 þH2O2H2CO3þOH (4)
The formation of the corrosion product layer
Mg2þ þHCO3þOHþ (x1)H2O2MgCO3  xH2O(x¼3,
5) (5)
2Mg2þ þCO23 þ2OH2Mg(OH)2↓þMgCO3↓ (6)
Generally, corrosion rate of Mg alloys relates to their oxide
ﬁlm and corrosion product ﬁlm. However, the loose precipitate
of Mg(OH)2 could provide less protection, which can be
solved when it is subject to the attack from Cl ions.
Mg(OH)2þ2Cl2MgCl2þ2OH (7)
Fortunately, the small amount of corrosion products such as
MgCO3, CaCO3, Li2CO3, Mg3(PO4)2, Ca3(PO4)2 and Li3PO4,10 20 30 40 50 60 70 80 90
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Fig. 9. XRD pattern of (a) the Mg–1.21Li–1.12Ca–1Y substrate, (b) the
sample immersed in Hank's solution for 72 h, and (c) the corrosion product
scale peeled off from the immersion samples.
Fig. 10. Schematic diagram of corrosion pits occurred at the intermetalliresulted in a more dense layer of corrosion products [30,31].
Thus, the corrosion products impede the invasion of the
aggressive ions. It should be noted that the PBR of Y2O3 is
1.13 and Y element plays a positive role in the enhancement in
corrosion resistance of the alloy.
Fig. 10 schematically illustrates the mechanism of the
corrosion pits generated on the surface of the Mg–1.21Li–
1.12Ca–1Y alloy at the initial immersion in Hank's solution.
According to the dimension of corrosion pits in SEM image
and EDS results (Figs. 8a and 9), corrosion pits initiated at the
α-Mg matrix neighboring the Mg2Ca particles. The corrosion
potential for the Mg2Ca phase was 1.54 V (vs. SCE) and for
the α-Mg phase was 2.37 V (vs. NHE) [35]. Thus, a huge
potential difference existed between the substrate phase
(anode) and intermetallic phase (cathode) led to the micro-
galvanic corrosion and accelerated corrosion reaction. Hydrogen
generated on the surface of Mg2Ca particles and Mg
2þ ion
released from α-Mg matrix, as the reaction progressed, Mg
(OH)2 precipitation replaced the α-Mg around intermetallic
compound and ﬁnally encircled Mg2Ca particle. According to
reaction kinetics and dynamics, Mg(OH)2 stably existed when
pH 410.5, interior alkalization of pitting maintained pH value
in a pretty high level. There were two sources of MgCO3
precipitation, under alkaline condition, Mg2þ ion respectively
combined with HCO3 and CO
2
3 (showed in reactions 5 and
6). HCO3
 and CO3
2 ions are a common buffer pair in Hank's
solution, they can undergo mutual transformation. Therefore,
intermetallic Mg2Ca phase of Mg–1.21Li–1.12Ca–1Y alloy
played important role in the corrosion process. However, the
inﬂuence of intermetallic compound Mg24Y5 particles in the
corrosion process still needs further studies.
5. Conclusions(1)c comThe microstructure of the Mg–1.21Li–1.12Ca–1Y alloy
was characterized by α-Mg and intermetallic compound
Mg2Ca and Mg24Y5 particles, most of which distributed
along the grain boundaries for the as-cast alloy and the
extrusion direction for the as-extruded one.(2) The tensile mechanical properties including UTS, YS and
EL, and the corrosion resistance of the Mg–1.21Li–
1.12Ca–1Y alloy were promoted by the extrusion process
due to the reﬁned microstructure and the delay of the
initiation of corrosion pits.pound Mg2Ca on surface of the Mg–1.21Li–1.12Ca–1Y alloy.
R. Zeng et al. / Progress in Natural Science: Materials International 24 (2014) 492–499 499(3) Alloying elements (such as Li and Y) play a positive role
in corrosion resistance. At the initial stage, the corrosion
pits initiated in the α-Mg matrix adjacent to the Mg2Ca
particles. Subsequently, the amorphous corrosion product
layer, predominantly composed of Mg(OH)2 and MgCO3,
become compact and thick over time, hinder the attack on
the magnesium substrate from the aggressive ions, exhibit-
ing a general corrosion and ﬁliform corrosion.A long-period immersion test will be made to further
understand the inﬂuence of corrosion product layer on corro-
sion behavior of the alloy.
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